Pediatric cranial sutures are often evaluated for abnormal diastasis upon presentation to the emergency department after trauma or during a neurologic consultation; however, few normative data for CT measurements exist. This study establishes normal means for the sagittal and coronal suture widths during the first year of life by using CT.
T
he United States has seen a recent rise in the number of emergency department visits from 352.8 to 390.5 per 1000 persons over the time span of [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] . 1 This trend also is reflected in the pediatric population, 2 which, along with difficulty obtaining a good history, lowers the threshold for the emergency department physician to image pediatric patients. In 2008, the American College of Radiology produced an updated version of its Appropriateness Criteria for head trauma, which provides both the clinician and the radiologist with guidelines for imaging in the setting of acute head injury. 3, 4 CT is considered appropriate in the evaluation of pediatric patients presenting with seizures, trauma, or the concern for nonaccidental trauma.
Pediatric head trauma is a common presentation for emergency department and acute care clinic visits. 5 More than 1.5 million head injuries occur annually in the United States, resulting in approximately 300,000 pediatric hospitalizations. 6 A key component of the work-up for infants who have increased somnolence, a large hematoma, loss of consciousness, or change in behavior is an imaging evaluation of the head. As imaging technology has advanced, so has the evaluation of the acutely injured head. Henderson and Sherman 7 were among the first to assess neonate sutures. They evaluated 100 neonate infants by radiography, demonstrating a large variation in the coronal and sagittal suture widths. 7 Erasmie and Ringertz 8 provided numerical data from imaging to assess sutural diastasis; however, conventional radiology does not provide an assessment of the intracranial anatomy nor is it indicated for most patients who are at moderate to high risk for intracranial pathology. 6 As sonography technology advanced, sutural appearance and intracranial distances were assessed to determine normality. 9 In the acute setting, however, sonography is not the preferred method of assessing the pediatric head due to variability between ultrasonographers, 9 ultrasonographer availability, and limited overall assessment of intracranial contents.
CT scanning affords uncontested superior evaluation of intracranial contents and morphology in comparison with conventional radiography 10 and sonography in the acute setting. 6 Furthermore, the American College of Radiology has recommended that if a patient has neurologic symptoms and there is suspicion of nonaccidental trauma, a noncontrast CT of the head should be performed. 4, 11 As part of the morphologic evaluation in the acute setting, a close evaluation of the sutures is performed to assess for fracture, 12 diastasis, 11 or early closure.
There is scant literature describing normal suture widths among the infant population. Although case reports of cephalomegaly predominate in the literature, few studies have undertaken a systematic analysis to quantify normal suture widths based on CT. 13, 14 To date, radiologists have largely relied on gestalt and experience to assess sutures for pathology based on knowledge that there may be a large variation in suture width during the first month of life with sutures eventually closing at 22-24 years of age. 15 Given the lack of standard normal values on CT, this study was proposed to assist the interpreting radiologist in diagnosing cranial suture abnormalities. The mean values for suture widths based upon the CT scans in this large data base of normal CT studies may be helpful in assessing the infant calvaria for suture diastasis.
Materials and Methods

Patients
The study protocol was approved by the Human Use Committee at 2 different institutions. Investigators adhered to the policies for protection of human subjects as prescribed in 45 CFR 46 and provision 32CFR219.110. A review of CT imaging reports on the PACS identified patients with no acute intracranial pathology or a normal CT of the head; the study included head CTs conducted among patients 1 year of age or younger during the period January 1, 1994, through December 31, 2008. All known premature infants were excluded from the dataset. The study sample included 483 patients between 1 and 395 days of age (mean, 96 days). The CT data available included 966 sagittal suture evaluations and 1932 coronal suture evaluations. Among the selected patients, 251 were male and 232 female, with a disproportionate representation of the neonate cohorts as reflected by the low mean months of age (Table 1 ) but with similar histories across the age groups (Table 2 ). Age, in days, was abstracted from the radiologic information system. The age in weeks was calculated by dividing the provided days of life by 7, and the month of life was determined based on a 30-day average month, with the assigned month representing the last complete month of life. Patients were subsequently assigned into the following 6 age groups for analysis: 0, 1, 2, 3, 6, and 12 months.
CT Imaging Techniques
The sagittal suture and bilateral coronal sutures were evaluated on axial imaging with a 5-mm section interval by using an average kilovolt peak of 120 and product of the tube current and the exposure time of 120, standard algorithm, and average window/level values of 3077 and 570, respectively. 10 Imaging was performed on a 16-detector row, 8-detector row, or 4-detector row CT scanner (GE Medical Systems, Milwaukee, Wisconsin).
CT Imaging Analysis
The sagittal suture and bilateral coronal sutures were evaluated on axial imaging by using a measurement selection point similar to Erasmie and Ringertz 8 and electronic calipers measuring distances along the inner margin of the suture. All suture width measurements were made in relation to the anterior fontanelle, confirmed on cross-referenced lateral scout images, and reviewed by 2 senior board-certified radiologists with certificates of added qualification. Values of sutural width were obtained in the proximal one-third of the sagittal (Figs 1A and 2A) and bilateral coronal sutures (Figs 1B and 2B) as well as the distal two-thirds of each suture (Fig 1A-, B) . Evaluation of interdigitated sutures was performed by obtaining 3 different measurements, and the mean was used as the suture width. Suture width measurements were checked for consistency by blinded peer-review analysis.
Statistics
Descriptive statistics included histograms, scatterplots, and boxplots to view the distribution of the suture width data across the population by age of the patient. Data were analyzed by analysis of variance to compare means to evaluate differences by age group. A Bonferroni post hoc evaluation was used to compare adjusted means, by using SEs, to determine significant difference between age groups. Significant variation between right and left coronal sutures was analyzed by using a paired t test. The significance level for all comparisons was .05. Interrater reliability was assessed by calculating ICCs. Ten examinations were selected at random, and the coronal and sagittal sutures reviewed by the 2 senior radiologists. ICCs were calculated to assess agreement of measurements obtained at the proximal sagittal and coronal sutures as well as the distal sagittal and coronal sutures.
Results
Assessment of Sagittal Suture Width
The mean proximal sagittal suture width at 0 months of age was 5.0 Ϯ 0.2 mm (Fig 3A) . In comparison to neonates, the mean proximal suture width of 1-month-olds was approximately half (2.4 Ϯ 0.1 mm; P Ͻ .001). In comparison with 1-month-olds, infants 6 months of age had significantly narrower mean suture widths (P Ͻ .001) and likewise for infants 12 months of age compared with 1-month-olds (P Ͻ .001; Fig 3A and Table 3 ). Other month-by-month comparisons between 2, 3, 6, and 12 months did not reach significance. The mean distal sagittal suture width at 0 months of age was 4.6 Ϯ 0.2 mm (Fig 3B) . In comparison to neonates, the mean distal sagittal suture width of 1-month-olds was approximately 45% narrower (2.6 Ϯ 0.1 mm; P Ͻ .001). Compared with 1-month-olds, the mean suture width of the 3-montholds was significantly narrower as was that of 6-month-olds and 12-month-olds (P Ͻ .0001). The decrease in suture width did not continue to reach statistical significance for other month-by-month comparisons with the exception of 2 months and 12 months (P Ͻ .028; Fig 3B and Table 3 ).
Assessment of Coronal Suture Width
The right and left coronal sutures closed at the same rate as reflected by mean widths that were statistically indistinguishable from each other at all time points measured (Table 3 and Fig 4A, -B) . In contrast, there was significant difference between mean proximal coronal suture width at 0 months of age and 1 month of age, 2.5 Ϯ 0.1 and 1.3 Ϯ 0.1 mm, respectively (P Ͻ 0.001; Fig 5A) . Unlike the sagittal suture, there was no significant reduction in the mean proximal coronal suture width between 1 and 12 months of age (1.3 Ϯ 0.1 versus 0.8 Ϯ 0.1 mm; Fig 5A) . The mean distal coronal suture widths at zero months of age was 1.5 Ϯ 0.1 mm (Fig 5B) . By the first month of age, the mean distal suture width had decreased significantly to 1.1 Ϯ 0.1 mm (P Ͻ .001). There was no statistically significant reduction in the suture width between 1 and 3 month of age. The large number of coronal CT evaluations supported findings of statistical significance by 12 months of age versus 1, 2, 3, and 6 months (P ϭ .001, 0.002, 0.001, and 0.031, respectively; Fig 5B) .
Comparison with Sonography
Proximal sagittal and coronal suture widths were compared with previously published sonography results evaluating the sagittal and coronal sutures. 9 The proximal sagittal suture measured 5.0 Ϯ 0.2 mm by CT at 0 months of age, whereas the measured range by sonography was approximately 0.9 -1.4 mm. At 1 month, the proximal sagittal suture measured 2.5 Ϯ 0.1 mm by CT, whereas the range by sonography was approximately 0.6 -1.2 mm; at 2 months the proximal sagittal suture The proximal coronal suture measured 2.5 Ϯ 0.1 mm by CT at 0 months of age, whereas the range by sonography was approximately 0.9 -1.5 mm. At 1 month, the proximal coronal suture width measurement by CT was 1.3 Ϯ 0.1 mm, whereas sonography was approximately 0.5-2.1 mm. At 2 months, proximal coronal suture widths measured 1.2 Ϯ 0.1 mm on CT, whereas sonography was approximately 0.4 -1.5 mm. At 3 months, the proximal coronal suture measured 1.1 Ϯ 0.1 mm on CT, whereas the range by sonography was approximately 0.4 -2.9 mm. No previously reported data were found to measure ultrasound suture widths for infants ages 6 -12 months.
Assessment of Interrater Reliability
ICCs ranged from 0.88 to 0.99, indicating agreement between the 2 senior radiologists.
Discussion
The United States has seen a rise in the use of emergency departments for pediatric evaluation. 2 With this rise in visits has come a concomitant rise in the number of cross-sectional imaging studies performed. There are a varied number of reasons for neonates and infants to undergo CT imaging of the head; however, the overwhelming reason is trauma both nationally 1,2 and in our population ( Table 2 ). The CT evaluation of the pediatric head for hemorrhage from either accidental or nonaccidental trauma can be performed quickly, and readily answers the question. However, where there is concern for sutural fracture or diastasis, the assessment has historically relied on the experience of the reviewing radiologist.
This study expands on the evaluation of sutures initially discussed by Erasmie and Ringertz. 8 Our data delineate a CT table for sagittal and coronal suture widths throughout the first year of life. These data correlated with previously reported sonography measurements of suture width at 2 and 3 months. 9 Although our CT sutural width measurements were larger at 0 months of age and 1 month of age than the sonog- raphy data, this variation in suture width may be secondary to our larger sample size and or including a fibrous portion of the suture. No additional studies have been found to date to compare older infant (ages 6 -12 months) suture widths, probably due to rapidly closing suture width.
We recognize that the current study has limitations that should be noted. First, premature infants may have been included in the sample population. The data base query yielded results based upon patient age but did not take into consideration the gestational age of the infant at the time of birth. Although we excluded all known premature infants, the prematurity may not have been indicated in the charts of infants adopted or those new to our health care system. It is possible that the inclusion of premature infants may skew the measurements at 0 and 1 month of age but probably did not affect results of the older age groups. Also, the amount of skew was probably offset by the larger sample sizes in the younger age groups, which presumably included mostly full-term infants.
Second, the patients' medical charts were not reviewed to determine whether a patient who was given the results of normal or no acute intracranial pathology might have later developed complications. We feel this potential limitation is minimized in the closed community from which the sample was drawn. These patients would have had follow-up imaging that also would have appeared in our data base query, or the primary care provider would have notified the radiologists if further imaging were needed. None of the patients in this study had such follow-up imaging or notification.
Also, there was a slight male predominance in the study population, and we did not separate patients by sex. Previous anthropologic studies have suggested a slight increase in suture width among the adult male population versus the adult female population 16 ; however, an equivalent number of studies did not reach the same conclusion. 17 Results also were not stratified by ethnicity because previous studies have not found this effect to be statistically significant. 16, [18] [19] [20] Finally, the authors recognize the inherent limitation of assessing sutures that may be smaller than the section thickness of the acquired images. Reviewing both the transverse images and the cross-referenced scout images mitigated the section thickness limitation by allowing the authors to confirm that the location of measurement was representative.
In summary, CT measurements of mean suture widths decrease rapidly in the first year of life. The most dramatic closure occurs during the first month of life for all measurement points followed by gradual decrease in width during the remainder of the first year of life was reached. Statistical significance for closure of all suture measurement points, during the first month of life. Based on these data, we developed normative values for the coronal and sagittal sutures on CT during the first 12 months of life. The data allow extrapolation of normal values for the intervening months. These results correlated well with prior reports of sonography measurements verifying this method of analysis. 8 This study is the first to derive suture widths on CT across a broad population of infants reflecting the most common technology used today. The suture widths listed by month here afford radiologists a quick and reliable means of assessing a patient's suture width against normative values for CT.
Conclusions
The normative values for suture widths established by CT scan among this large population may be used to assess the infant calvaria for suture diastasis.
